Fifty percent of adult canine Purkinje fibers manifest a decrease in automaticity in response to cal-adrenergic stimulation with 10-1-10-8 M norepinephrine (NE), and 50% manifest an increase. In contrast, most neonatal Purkinje fibers show an increase in automaticity in response to these concentrations of NE. We studied the modulation of NE effects, using the subtype selective cal-adrenergic antagonists chloroethylclonidine (CEC) and WB 4101. CEC selectively antagonized the decrease in automaticity such that, in both age groups, all Purkinje fibers showed NE-induced increases in automaticity. In Purkinje fibers from dogs treated with pertussis toxin, NE no longer induced a CEC-sensitive decrease in automaticity. In contrast, WB 4101 selectively antagonized the NE-induced increase in automaticity in both age groups. In the presence of WB 4101, NE decreased automaticity uniformly in adult Purkinje fibers and tended to induce no change in automaticity in neonatal Purkinje fibers. In the presence of prazosin (10-6 M) or combined CEC (10`M) and WB 4101 (10`M), no ar-agonist-induced increase or decrease in rate was observed. Pretreatment of membranes from newborn and adult dog and rat ventricles with CEC resulted in a selective and irreversible inactivation of 25% of specific binding sites labeled with [ 
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[1251]IBE2254 but did not influence a-adrenergic stimulation of inositol phosphate accumulation. In contrast, WB 4101 inactivated NE-stimulated inositol phosphate accumulation. Our results suggest that 1) at least two distinct cal-adrenergic receptor subtypes are present in neonatal and adult cardiac tissue, 2) the CEC-sensitive subtype is linked to a decrease in automaticity via a pertussis toxin-sensitive substrate, 3) the WB 4101-sensitive subtype is linked to an increase in automaticity (possibly via a mechanism related to phosphoinositide breakdown), and 4) although CEC-and WB 4101-sensitive cal-adrenergic receptor subtypes are present in the neonate, only the WB 4101-sensitive subtype is expressed functionally to induce effects on ventricular automaticity. (Circulation Research 1990; 67:1535 -1551 Adrenergic amines have complex effects on automaticity in the ventricular conducting system: low concentrations decrease or increase automaticity via an a-adrenergic mechanism, and high concentrations increase automaticity via f3-adrenergic stimulation.'-3 Moreover, the effects of a,-adrenergic agonists on Purkinje fiber automaticity change with development.-4 a,-Adrenergic stimulation with phenylephrine or epinephrine induces a decrease in automaticity in about two thirds and an increase in the remaining one third of adult canine Purkinje fibers. In contrast, the majority of neonatal canine Purkinje fibers respond to these agonists with an increase in automaticity.
Studies of rat hearts in vitro5 and in tissue culture6 as well as studies of the canine heart2 have demonstrated the dependence of the negative chronotropic response on the development of sympathetic innervation and the functional acquisition of a pertussis toxin-sensitive 41 '12 In some experiments, we examined the effect of ADP-ribosylation and functional inactivation of the pertussis toxin-sensitive G proteins on the a1-adrenergic pharmacological response. We used the method of Fleming et al13 and injected 2-week-old dogs intravenously with 30 ,ug/kg pertussis toxin. After 48-60 hours, the hearts were removed as described above.
Microelectrode Techniques
Purkinje fiber bundles were excised from the left and right ventricles, placed in a tissue bath, and superfused with Tyrode's solution bubbled with 95% 02-5% CO2 and warmed to 370 C. The pH of the solution was 7.3, and its flow rate was 10-12 ml/min. The bath was connected to ground using a 3M KCl bridge and an Ag/AgCl junction.
All fiber bundles were impaled with 3 M KCl-filled glass capillary microelectrodes with tip resistances of 10-20 Mfl. The electrodes were connected via a 3 M KCl/Ag/AgCl interface to an amplifier having a high input impedance and capacity neutralization. The system was calibrated, and transmembrane potentials were displayed as previously described.'
In experiments on automaticity, Purkinje fibers were permitted to beat spontaneously. In experiments on transmembrane action potential characteristics, Purkinje fibers were stimulated at a cycle length of 800 msec via Teflon-coated bipolar silver wire electrodes, using techniques described previously.' Automatic rate, maximum diastolic potential, the amplitude and maximum upstroke velocity of phase 0, and the duration of the action potential to 50% and 90% repolarization were measured by methods previously described. ' 
Electrophysiological Protocols
The preparations were impaled with microelectrodes, and transmembrane potentials and rhythm were observed for 1 hour, after which a regular rhythm (with variability of rate < 10%) was usually demonstrable and control measurements were made. If the rhythm did not fall within these limits of variability, the fibers were discarded. After the stabilization period, fibers were superfused with norepinephrine (1 x 10-1' to 1x 10-5 M). Action potential characteristics and spontaneous rate and rhythm were recorded after 15 minutes of superfusion at each concentration (preliminary studies showed that a steady-state response to norepinephrine was attained within 5 minutes after the onset of superfusion).
To study the effects of a-and 8-adrenergic blockade, prazosin (1 x 10`M) and/or propranolol (2x 10`7 . The assay was stopped by the addition of 1.5 ml acidified chloroform:methanol:6 M HCI, and inositol phosphates in the aqueous phase were separated as described above.
Materials
We purchased norepinephrine and propranolol from Sigma Chemical Co., St. Louis, CEC and WB 4101 from Research Biochemical Inc., Natick, Mass., and pertussis toxin from List, Campbell, Calif. Prazosin was a generous gift from Pfizer, Groton, Conn. BE2254 was a generous gift from Drs. E. Hofferber and W. Hansen, Beiersdorf AG, Hamburg, FRG.
Results

Effects of Norepinephrine on Automaticity of Spontaneously Beating Adult Canine Purkinje Fibers
The spontaneous rates and maximum diastolic potentials of adult canine Purkinje fibers recorded before norepinephrine superfusion are presented in Table 1 . As we have previously reported,' all changes in automaticity that occurred in this study were paralleled by changes in the slope of phase 4 depolarization. Hence, only data for rate are reported here. The fibers were grouped as "monophasic" or "biphasic" based on their responses to norepinephrine (10-1-10`8 M). This was done because the effect of a-adrenergic stimulation on automaticity of spontaneously beating canine Purkinje fibers distinguishes two populations of fibers with distinct concentrationresponse relations, referred to as biphasic and monophasic ( Figure 1 ).' Biphasic indicates a decrease in automaticity at low agonist concentrations and an increase at high concentrations (previously shown by us to be a1-and ,B-adrenergic, respectively).1,3 Monophasic indicates an a,-adrenergicinduced increase in automaticity at low agonist concentrations and a ,B-adrenergic-induced increase at Values were recorded before norepinephrine superfusion and are expressed as mean--SEM. The treatment column includes fibers that were not superfused with antagonist before norepinephrine, as well as fibers superfused with various antagonists and combinations of antagonists before norepinephrine. Where antagonists are used, the rate and maximum diastolic potential (MDP) are those in the presence of antagonist and before norepinephrine. PROP, propranolol; n=number of experiments. See text for discussion of monophasic and biphasic responses.
high concentrations. 13 The subset of fibers exhibiting a biphasic response accounted for 50% of the total preparations studied. The remaining 50% of fibers exhibited a monophasic response. Statistical comparison of these two populations to one another (biphasic versus monophasic) showed that values obtained between 10`10 and 10`7 M norepinephrine differed significantly (p<0.05). At norepinephrine concentrations above i0`M, however, the rates attained in the two populations were not different.
The effect of propranolol (2 x 10`7 M) on the response of adult Purkinje fibers to norepinephrine was studied in sixteen preparations ( Figure 1 ). In the presence of 8l-blockade, both monophasic and biphasic responses still were present, with the biphasic response occurring in 50% of the preparations. The norepinephrine concentration-response curve in propranolol-superfused fibers was shifted downward and to the right compared with the curve in the presence of norepinephrine alone ( Figure 1A ). Note that the negative chronotropic response occurring at low doses of norepinephrine was not antagonized by the fl-blocker.
A monophasic response occurred in the remaining 50% of the preparations superfused with propranolol. Propranolol again shifted the concentrationresponse curve downward and to the right, but only at agonist concentrations greater than 10 8 M.
For both groups of propranolol-superfused fibers (i.e., those showing either monophasic or biphasic responses), the peak increase in rate seen at 10-5 M did not differ significantly from that observed in the presence of agonist alone. This presumably reflects the fact that there is a 50-fold excess of agonist over antagonist in these experiments. Higher concentrations of propranolol were not used because of their direct membrane effects. Hence, Figure 1 demonstrates for norepinephrine what we previously have shown for epinephrine and phenylephrine1; that is, at high concentrations (i.e., >-10`M) the effect of agonist to increase automaticity is attenuated, although not completely blocked, by the ,l-adrenergic antagonist propranolol (2xl10`M). We previ- At an extracellular K' concentration of 2.7 mM, CEC induced a decrease in rate at all concentrations studied ( Figure 3 , right panel). The peak decrease occurred at 10-7 M, and higher concentrations caused a less pronounced negative chronotropic response. In these preparations, the control rate was 30±7 beats/min. To investigate the ability of CEC to alter automaticity in preparations having lower spontaneous rates, we also performed experiments at an extracellular K' concentration of 4.0 mM (Figure 3 , left panel). Here, the control rate was 18±4 beats/ min, and CEC again decreased automaticity.
Because an early report suggested that CEC might possess some a-agonist activity,19 we studied the interaction of prazosin and CEC. Prasozin blocked the effects of CEC on spontaneous rate at both extracellular K' concentrations ( Figure 3 ). This result is consistent with a partial agonist effect of CEC. In these experiments, we investigated the ability of CEC and WB 4101 to modify the slowing or acceleration of rate occurring at low norepinephrine concentrations. Figure 4 shows the effects of CEC and WB 4101 on changes in spontaneous rate induced by norepinephrine (10-10 M and 10-9 M). As in Figure 1 , low concentrations of agonist caused either an increase (eight of 14 preparations) or a decrease (six of 14 preparations) in automaticity of propranolol-superfused canine Purkinje fibers ( Figure 4A ). We performed the identical experimental protocol in the presence of CEC (10`M), and all 12 fibers showed an increase in rate ( Figure 4B ). In contrast, in the presence of WB 4101 (10`M); a decrease in rate was seen in all 12 fibers studied ( Figure 4C ). Therefore, these results show that CEC and WB 4101 each antagonizes a distinct a1-adrenergic response. CEC abolished the negative, whereas WB 4101 blocked the positive chronotropic response induced by low norepinephrine concentrations.
In contrast to the above, the non-subtype-selective blocker prazosin antagonized both the positive and Figure 5B ; both the increase and decrease in automaticity at norepineph- (Figure 6 ). Whereas 50% of adult fibers showed a biphasic response to agonist, in the neonate only 28% were biphasic, and the remainder were monophasic.
In the presence of propranolol, neonatal fibers showed responses similar to those of the adults. As shown in Figure 6A , the biphasic agonist curve was shifted downward and to the right of the curve for norepinephrine alone. Similarly, p-blockade shifted the monophasic agonist curve downward and to the right at high agonist concentrations (>10`8 M), whereas the initial portion of the curve (agonist <10`8 M) was not affected ( Figure 6B ). The effects of WB 4101 on norepinephrine-dependent changes in automaticity are included in Figure  6 . As shown in Figure 6A , three of 11 fibers exposed to norepinephrine (10`1o.10-7 M), propranolol, and WB 4101 exhibited a biphasic response. Eight fibers showed a monophasic response ( Figure 6B) decreased automaticity at 10`1Q0`8 M norepinephrine ( Figure 6A ). In the remainder of neonatal fibers, the low norepinephrine concentration induced no change in automatic rate in the presence of WB 4101 ( Figure 6B ). This suggested to us that in the subset of fibers that showed no decrease in automaticity either the a1-receptor subtype capable of reducing automaticity (i.e., CEC sensitive) was absent and/or a mechanism distal to the receptor (e.g., the pertussis toxinsensitive G protein) was functionally absent. We then tested whether neonatal fibers like those in Figure 6A , which showed a negative chronotropic response to low norepinephrine concentrations had a functionally mature receptor-effector coupling mechanism. To do this, we studied the effects of CEC on automaticity of nine propranolol-superfused neonatal fibers. As shown in Figure 7 , CEC had no effect on the response of those fibers that initially showed an increase in automaticity when stimulated with 10-1-1O19 M norepinephrine (n=6). In contrast, CEC antagonized and actually reversed the decrease in automaticity in three fibers that had shown a decrease in automaticity in the presence of the same norepinephrine concentrations. This result is entirely consistent with that seen in adult fibers in Figures 4A and 4B. Of importance in the neonatal fibers is that CEC alone induced no decrease in automatic effect (Figure 7, legend) . This is in contrast to the result in adults and suggests no partial agonist action of CEC in the younger age group. Nonetheless, CEC blocked the decrease in automaticity in the neonates just as it had in the adults.
Effects of Pertussis Toxin on the Response of Canine Purkinje Fibers to Norepinephrine
We hypothezied that the negative chronotropic response blocked by CEC in neonatal fibers ( Figure  7 ) depended on a pertussis toxin-sensitive G protein. coupling the receptor from the effector response mechanism. Because the proportion of fibers displaying a negative a,-adrenergic chronotropic response increases with age,14 we treated 2-week-old dogs with intravenous pertussis toxin according to a protocol previously shown to completely inactivate the pertussis toxin-sensitive G protein in adult dogs.'3 Adequacy of treatment was verified using the ADPribosylation assay. Figure 8 ( (Figure 9 ). a1-Adrenergic receptors were identified easily in the 3-day-old canine heart, and their density increased progressively during the first month of life from 50 to 220 fmol/mg protein. At some point thereafter, the density of specific binding sites identified by [12511IBE2254 in canine ventricular myocardium decreased dramatically so that the level of a1-adrenergic receptor expression measured in the adult canine heart was only one tenth of that measured in the 1-month-old heart. There was considerable variability in the proportion of CEC-sensitive a-receptors from one preparation to the next, and no consistent pattern of developmental change emerged. Similar experiments were performed on membranes derived from newborn and adult rat hearts ( Figure 10 ). These studies were extended to the rat because, as in the dog, development is associated with the coordinate expression of an inhibitory aladrenergic chronotropic response and the functional acquisition of a pertussis toxin-sensitive G protein. 5, 6 In agreement with results reported previously,211 the density of a1-receptors in the newborn rat heart was approximately 50% greater than in the adult heart (binding site density: newborn, 274±76 fmol/mg, n=4; adult, 184±33 fmol/mg, n=6). IBE2254 for the a1-adrenergic receptor in the young and the adult canine heart was similar (Kd,: young, 130±16 pM; adult, 108 ±30 pM). In each case, pretreatment with CEC had no effect on the Kd for ['25IBE2254 (Kd: young, 111±16pM; adult, 82±3 PM). An increase in the total number ofspecific binding sites identified by ['25I1IBE2254 (r=0. 92, p<0. 05) as well as the number ofsites not sensitive to inactivation by CEC (r=0.84, p < 0.05) was evident in the first month of life. In contrast, although the proportion of sites sensitive to CEC varied in individual preparations, no relation between age and the percent of receptors sensitive to CEC was evident (r=0.16, p=NS). The density oftotal and CEC-insensitive specific ['2sI1IBE2254 binding sites in the adult was considerably reduced (23±3 fmol/mg total; 13±4 fmol/mg after pretreatment with CEC). dent. Inactivation was detectable at 0.1 M CEC and was maximal at approximately 10 M CEC; little further inactivation was achieved even when the dose of CEC was increased 50-fold. Furthermore, there was no recovery of specific [1251]1BE2254 binding sites after extensive washing of the membrane preparation, consistent with an irreversible effect of CEC to modify a1-adrenergic receptor binding sites.
The membrane preparations used in these studies were derived from the whole ventricle and, therefore, surely contained elements other than myocardial cells, including vascular smooth muscle, sympathetic neurons, and connective tissue. We considered the possibility that the myocardial cell contains only one a1-adrenergic receptor subtype but contamination with membranes from these other sources might lead to the detection of another a1-adrenergic receptor subtype. Therefore, the next set of receptor binding experiments examined the characteristics of a1-adrenergic receptor binding in membranes prepared from neonatal rat ventricular myocyte cultures that had been irradiated according to a protocol that completely and selectively eliminates contaminating fibroblasts ( Figure 11 ). In this pure myocyte membrane preparation, a short exposure to CEC resulted in a 35% decrease in the density of rine-dependent 1P3 formation was examined in membranes prepared from intact myocytes that had been preincubated with or without CEC ( Figure 13 ). Similar to results reported previously,10 norepinephrine stimulated the formation of 1P3 in myocyte membranes. This response was dependent on the presence of GTPyS, a nonhydrolyzable analogue of GTP. Pretreatment with CEC did not modify norepinephrine-dependent 1P3 accumulation, indicating that phosphoinositide hydrolysis in the heart is stimulated by a CEC-insensitive a1-adrenergic receptor subtype.
In contrast, WB 4101 had a marked effect on norepinephrine-dependent inositol phosphate accumulation ( Figure 14) . The preferentially to the subtype of a,-adrenergic receptors that are linked to calcium influx rather than 1P3-induced calcium mobilization.32 In contrast, norepinephrine appears to be equipotent at both aladrenergic receptor subtypes. In fact, a previous study33 from our laboratory demonstrates a more vigorous myocardial cell inositol phosphate response to norepinephrine than to phenylephrine, in agreement with this observation. The fact that adult Purkinje fibers manifest a positive chronotropic response in about 50% of preparations and a negative response in the other 50% also suggests differences in subtype selectivity between this agonist and phenylephrine (with which about two thirds of preparations show a negative chronotropic response1l3).
To pharmacologically distinguish between two subtypes of a,-adrenergic receptors in Purkinje fibers, we used CEC and WB 4101 at a concentration having no effect on the transmembrane action potential (i.e., This interpretation is consistent with our previous studies2,6 in canine Purkinje fibers and rat ventricular myocardium that indicate that the functional competence of components of the receptor complex distal to the receptor itself are determinants of the a1-adrenergic automatic response. Although our results are consistent with an action of the CEC-sensitive a1-adrenergic receptor to inhibit automaticity through stimulation of Na+-K+ pump current, one might suggest that the decrease in the transient outward current that has been attributed to a-adrenergic stimulation33'34 would prolong action potential duration and, in this way, might contribute to a decrease in automaticity. Against this suggestion are preliminary experiments35 demonstrating that the a1-adrenergic prolongation of repolarization is present in all young and adult Purkinje fibers studied and is maximal at agonist concentrations of 10-5 M or more and seen only minimally at 10`8 M. Furthermore, whereas a1-adrenergic inhibition of automaticity requires the functional presence of a pertussis toxin-sensitive G protein, a1-adrenergic prolongation of repolarization does not. 36 Although the interpretation of a,-adrenergic action in the heart that derives from the physiological and biochemical studies reported herein is internally consistent, these results do not conform to the classification of a,-adrenergic receptor subtypes as originally described by Minneman and colleagues.'1'22 Specifically, according to this classification, the receptors with high affinity for WB 4101 (0ala-receptors) are coupled to the influx of extracellular calcium, wheres the CEC-sensitive alb-receptors are linked to inositol phospholipid turnover and the mobilization of intracellular calcium. This classification is based on detailed studies performed on several specific tissues (i.e., primarily liver, vas deferens, and spleen). The studies did not examine the properties of the cardiac a,-adrenergic receptor in any detail. In this regard, it is noteworthy that the CEC insensitivity of the cardiac a1-adrenergic inositol phospholipid response is consistent with an earlier report indicating that a1-adrenergic-dependent inositol phosphate accumulation in the brain also is not inhibited by CEC.37 Furthermore, Han et In summary, our results from physiological studies, radioligand binding studies, and studies of receptormediated second messengers demonstrate that at least two distinct a1-adrenergic receptor response mechanisms are present in both neonatal and adult cardiac tissue. We propose that the CEC-sensitive a1-receptor subtype is linked to a decrease in automaticity via a pertussis toxin-sensitive G protein and activation of the Na+-K+ pump current, whereas the WB 4101-sensitive a1-receptor subtype induces an increase in automaticity possibly through an intracellular metabolite generated via the breakdown of membrane phosphoinositides. Moreover, although the CEC-sensitive a1-adrenergic receptor subtype is present at an early developmental stage, it is functionally expressed only as age increases. These observations are important to our understanding of receptor-effector coupling in the modulation of rhythm, and they further suggest that specific blockers of the WB 4101-sensitive a1-adrenergic receptor subtype may be useful in the suppression of automatic tachyarrhythmias.
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